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Sulfonucleotide reductases catalyse the ﬁrst reductive step of sulfate assimilation. Their substrate
speciﬁcities generally correlate with the requirement for a [Fe4S4] cluster, where adenosine 50-phos-
phosulfate (APS) reductases possess a cluster and 30-phosphoadenosine 50-phosphosulfate reduc-
tases do not. The exception is the APR-B isoform of APS reductase from the moss Physcomitrella
patens, which lacks a cluster. The crystal structure of APR-B, the ﬁrst for a plant sulfonucleotide
reductase, is consistent with a preference for APS. Structural conservation with bacterial APS reduc-
tase rules out a structural role for the cluster, but supports the contention that it enhances the activ-
ity of conventional APS reductases.
Structured summary of protein interactions:
PpAPR-B and PpAPR-B bind by X-ray crystallography (View interaction)
Crown Copyright  2013 Published by Elsevier B.V. on behalf of Federation of European Biochemical
Society. All rights reserved.1. Introduction yeast [10,11]. They both require thioredoxin or glutaredoxin as elec-Plants satisfy their need for reduced sulfur in the synthesis of
the amino acids cysteine and methionine, through the assimilation
of inorganic sulfate. The key step in sulfate assimilation is the
reduction of activated sulfate, in the form of adenosine 50-phos-
phosulfate (APS), to sulﬁte by APS reductase (reviewed in [1,2]).
This enzyme is important for the control of the pathway, as re-
vealed by control ﬂux analysis [3], and through the analysis of mu-
tants and plants overexpressing the corresponding genes [4–7].
APS reductase (APR) is of interest, not only because of its important
role in regulation of sulfate assimilation, but also because of its bio-
chemical properties and evolutionary variations [8,9]. There are
four different classes of APRs in addition to a homologous enzyme,
which reduces a phosphorylated form of APS, i.e. 30-phosphoade-
nosine 50-phosphosulfate (PAPS) (Fig. 1).
The ﬁrst enzymes of the sulfonucleotide reductase family to be
characterised were the PAPS reductases from Escherichia coli andtrondonors for sulfate reduction. Plants, however, utiliseAPS for sul-
fate assimilation; plant APR is a multidomain protein with a
reductase portion similar to PAPS reductase and aC-terminal thiore-
doxin-like domain [12,13]. The physiological reductant for APR is
glutathione, and the C-terminal domain indeed functions as a glut-
aredoxin in the delivery of electrons for APS reduction [14,15]. The
reductase domain of APR differs signiﬁcantly from the bacterial
PAPS reductase in that it contains a [Fe4S4] cluster that is essential
for catalysis [16]. Interestingly, a large number of bacteria do not
possess a PAPS reductase, but instead have a plant-like APR with a
[Fe4S4] cluster, but lacking the thioredoxindomain [17–21]. Analysis
of numerousbacterial sulfonucleotide reductases suggested that the
presence or absence of the cluster determined whether the enzyme
reduces APS or PAPS, respectively [20,22]. The [Fe4S4] cluster-con-
taining form of the enzyme is much more widespread than PAPS
reductase, which seems to be conﬁned to most, but not all, cyano-
bacteria and some c-proteobacteria [8,20]. The sulfonucleotide
reductase family, however, expanded when an APR-B isoform of
APS reductase was identiﬁed in the moss Physcomitrella patens and
several other basal plant species [9,23]. APR-B does not possess
the [Fe4S4] cluster, but nevertheless catalyses the reduction of APS.
The catalytic efﬁciency of APR-B is signiﬁcantly lower than that of
the higher plant-like APR also present in P. patens genome.However,
Fig. 1. (A) Scheme outlining the two alternative routes for sulfate activation and reduction in plants and microorganisms. ATPS – ATP sulfurylase, APK – APS kinase, PAP –
adenosine 30 ,50-bisphosphate. (B) Schematic representation of the different classes of sulfonucleotide reductases. Yellow indicates proteins that contain a [Fe4S4] cluster;
orange indicates the chloroplast targeting sequence; the thioredoxin/glutaredoxin domain is shown in purple. Species abbreviations: Ec, Escherichia coli; Pa, Pseudomonas
aeruginosa, At, Arabidopsis thaliana; Pp, Physcomitrella patens; Tp, Thalassiosira pseudonana.
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enzyme [9,23]. The identiﬁcation of APR-B, together with advances
in genome sequencing of protists, helped to identify another variant
of APR found in a large number of eukaryotic microalgae, which is
composed of an APR-B-like reductase domain fused to thiore-
doxin/glutaredoxin [8] (Fig. 1).
Enzymes of the sulfonucleotide reductase family most likely
employ the same basic mechanism to generate sulﬁte from APS
or PAPS, using electrons from either an intrinsic thioredoxin-like
domain or a separate thioredoxin/glutaredoxin molecule [24].
However, despite extensive studies on a range of enzymes, a satis-
factory molecular level explanation of the relationship between
substrate preference and the presence or absence of a [Fe4S4] clus-
ter, remains elusive. Towards this goal, we sought to understand
this correlation through determining the crystal structure of an
atypical sulfonucleotide reductase that does not conform to this
relationship, namely PpAPR-B.
2. Materials and methods
2.1. Expression and puriﬁcation of P. patens APR-B
The PpAPR-B protein was overexpressed in E. coli as described
in [9]. This encodes N-terminally truncated PpAPR-B (residues65–326 of the native sequence) with a thrombin-cleavable N-ter-
minal hexahistidine tag (total molecular mass 32056.1 Da). The
protein was puriﬁed at 4 C using a Ni2+afﬁnity His-trap chelating
HP column (GE Healthcare), followed by gel ﬁltration using a
Superdex 75 (26/60) HiLoad HP (GE Healthcare) in 50 mM Tris
pH 8, 150 mMNaCl. Fractions containing the PpAPR-B protein were
pooled and concentrated in this buffer to approximately
11 mg ml1 using an Amicon Ultra-15 30 kDa cut-off centrifugal
concentrator (Millipore). The N-terminal His-tag was not cleaved
from the protein. Dynamic light scattering (DLS) was used to
monitor the solution properties of the puriﬁed sample with a
DynaPro-Titan molecular-sizing instrument at 20 C (Wyatt
Technology).
2.2. Protein crystallization and structure determination
PpAPR-B was crystallized at 20 C by hanging-drop vapour dif-
fusion using a precipitant consisting of 25% (w/v) PEG 5000 MME
in 100 mM Bis–Tris pH 7.5. Crystals were mounted using LithoLo-
ops (Molecular Dimensions) and then ﬂash-cooled by plunging
into liquid nitrogen. Diffraction data were recorded at 173 C
using an ADSC Quantum 315 CCD detector on station I03 at the
Diamond Light Source (Oxfordshire, UK). The data were processed
using MOSFLM [25] and SCALA [26] to 1.8 Å resolution.
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BES pipeline [27] with the structure of yeast PAPS reductase as a
template (PDB accession code 2OQ2; sequence identity with
PpAPR-B of 31.5%). BALBES placed two copies of the template in
the asymmetricunit (ASU) givinga solvent contentof approximately
46%. After density modiﬁcation with twofold averaging in PARROT
[28], BUCCANEER [29] was able to build90% of the crystallized na-
tive sequence from scratch. Thismodel was completed through sev-
eral iterations of restrained reﬁnement in REFMAC5 [30], and
manual rebuilding in COOT [31]. X-ray data collection and reﬁne-
ment statistics are summarized inTable1. All structural ﬁgureswere
prepared using CCP4MG [32].
2.3. Enzyme assays
APR activity was determined from the production of 35S-sulﬁte,
assayed as acid volatile radioactivity formed in the presence of
35S-APS, 2 lg E. coli thioredoxin, and dithioerythritol as the reduc-
tant [9]. The protein concentrations were determined according to
Bradford with bovine serum albumin as a standard.
2.4. Accession numbers
Coordinates and structure factors for the PpAPR-B structure de-
scribed herein have been deposited in the Protein Data Bank with
accession code 4BWV.Table 1
X-ray data collection and reﬁnement statistics.
Data set P. patens APR-B
Data collection
Beamline I03, Diamond Light Source,
UK
Wavelength (Å) 0.976
Detector ADSC Quantum 315 CCD
Resolution rangea (Å) 43.53–1.80 (1.90–1.80)
Space Group P212121
Cell parameters (Å) a = 55.99 b = 82.42,
c = 127.48
Total no. of measured intensitiesa 236859 (34611)
Unique reﬂectionsa 54939 (7943)
Multiplicitya 4.3 (4.4)
Mean I/r(I)a 12.6 (2.3)
Completenessa (%) 99.4 (99.7)
Rmerge
a,b 0.060 (0.460)
Rmeas
a,c 0.068 (0.527)
CC½
a,d 0.997 (0.854)
Wilson B value (Å2) 29.3
Reﬁnement
Resolution rangea (Å) 37.80–1.80 (1.85–1.80)
Reﬂections: working/freee 52105/2780
Rwork/ Rfreea,f 0.163/0.194 (0.310/0.331)
Ramachandran: favoured/allowed/disallowedg
(%)
97.8/2.2/0.0
R.m.s. bond distance deviation (Å) 0.014
R.m.s. bond angle deviation () 1.48
No. of protein residues (ranges): chains A/B 227 (77–303)/227 (77–303)
No. of water molecules/PEG molecules 389/2
Mean B factors: protein/water/PEG/overall (Å2) 38.4/41.0/60.4/38.7
PDB accession code 4BWV
a Figures in parentheses indicate values for the outer resolution shell.
b Rmerge =
P
hkl
P
i|Ii(hkl)  hI(hkl)i|/
P
hkl
P
iIi(hkl).
c Rmeas =
P
hkl [N/(N  1)]1/2 
P
i |Ii(hkl)  hI(hkl)i|/
P
hkl
P
iIi(hkl), where Ii(hkl) is
the ith observation of reﬂection hkl, hI(hkl)i is the weighted average intensity for all
observations i of reﬂection hkl and N is the number of observations of reﬂection hkl.
d CC½ is the correlation coefﬁcient between intensities taken from random halves
of the dataset.
e The data set was split into ‘‘working’’ and ‘‘free’’ sets consisting of 95% and 5% of
the data, respectively. The free set was not used for reﬁnement.
f The R-factors Rwork and Rfree are calculated as follows: R =
P
(|Fobs  Fcalc|)/P
|Fobs|  100, where Fobs and Fcalc are the observed and calculated structure factor
amplitudes, respectively.
g As calculated using MolProbity [37].3. Results and discussion
3.1. Overall structure of PpAPR-B
The ﬁnal model of the PpAPR-B protomer comprises residues
77–303 of the native sequence, which form a Rossmann-like a/b/
a sandwich fold [33] (Fig. 2A). The C-terminal end of the PpAPR-
B sequence bears the well-conserved glutathione-like ECG(I/L)H
catalytic motif characteristic of sulfonucleotide reductases
(Fig. 3), where the Cys (residue 318) corresponds to the residue
that performs a nucleophilic attack on the sulfonucleotide to gen-
erate an S-sulfocysteine intermediate [15]. Sulﬁte is subsequently
released in a thioredoxin-dependent reaction [1,15,24]. Thus, this
C-terminal ‘‘sulﬁte transfer loop’’ (S-loop) is required to move be-
tween the centrally bound sulfonucleotide and a surface-associ-
ated thioredoxin molecule, and is necessarily ﬂexible. For this
reason, the C-terminal sequence is frequently disordered in the
crystal structures of sulfonucleotide reductases [34,35]; the same
is true for PpAPR-B.
The PpAPR-B biological unit is an elongated homodimer with
approximate dimensions of 85  45  35 Å (width  height 
depth; as viewed in Fig. 2A), which is consistent with masses of
64 and 71 kDa that were estimated from gel ﬁltration and DLS,
respectively. The dimer interface spans some 1348 Å2, representing
11% of the total solvent accessible surface per subunit (as calcu-
lated using the PISA server; http://www.ebi.ac.uk/msd-srv/pro-
t_int) and is dominated by antiparallel interactions between the
long N-terminal a-helices of the two opposing subunits. There is
a single copy of the homodimer within the ASU and the individual
protomers are closely similar, giving a root mean square (r.m.s.)
deviation of 0.22 Å, after superposition of 227 equivalent
residues.
3.2. Comparison of PpAPR-B with related structures
Interrogation of the Protein Data Bank using the DALI server
(http://ekhidna.biocenter.helsinki.ﬁ/dali_server) retrieves 29 non-
redundant entries with high structural similarity to PpAPR-B at
the level of the subunit (Z-scores > 10.0); the top four being struc-
tures of microbial PAPS and APS reductases, which includes struc-
tures of E. coli PAPS reductase (EcPAPR) both with and without
bound thioredoxin (Table 2). Superpositions of PpAPR-B with these
latter structures reveal that the subunit cores are closely similar,
despite only a low sequence identity (Figs. 2B and 3). The struc-
tures are highly conserved even in the region of the [Fe4S4] cluster,
which only occurs in the Pseudomonas aeruginosa APR (PaAPR)
structure (Figs. 2B and 3 and Supplementary Fig. S1). The latter
observation indicates that the cluster is unlikely to play a signiﬁ-
cant structural role in the APS reductases. The largest discrepancies
occur at the N-termini: none of the homologues displays an ex-
tended a-helix equivalent to that of PpAPR-B, and as a result, the
N-terminus of the latter is remote from the N-termini of the other
structures. Since the extended PpAPR-B N-terminal a-helix is inte-
gral to the homodimer interface, none of the homologues displays
a comparable biological unit. Indeed, the functional assemblies of
the other structural homologues are highly variable: surprisingly,
there is no correspondence between EcPAPR and ScPAPR (yeast
PAPS reductase) homodimers, and no comparable interface to that
of any of the other structures is apparent in the PaAPR homotetr-
amer (Fig. 4).
The non-conservation of subunit interfaces across the known
structures of sulfonucleotide reductases suggests that the relative
disposition of subunits within a given enzyme is not functionally
signiﬁcant. Whilst for the thioredoxin-dependent enzymes it is
important that opposing subunits do not block the thioredoxin
binding site, beyond this restriction, there seems to have been no
Fig. 2. X-ray structure of P. patens APR-B (PpAPR-B). (A) Cartoon representation of the PpAPR-B homodimer. The left-hand subunit is shown in rainbow colouration, from dark
blue at the N-terminus, through to red at the C-terminus; the right-hand subunit is shown in grey. (B) Orthogonal views (in ribbon representation) of a PaAPR subunit
(orange; PDB accession code 2GOY) [35] superposed onto the left-hand subunit of PpAPR-B (slate blue) shown in (A). The APS ligand and the [Fe4S4] cluster of the PaAPR
structure are also shown as spheres. Note the long N-terminal a-helix of PpAPR-B; in the close structural homologues, the equivalent N-terminal sequence folds into two
shorter antiparallel a-helices, the second of which aligns with the C-terminal end of the long PpAPR-B a-helix (see also Supplementary Fig. S1). As a result, the N-terminus of
PpAPR-B (black label) is remote from the N-terminus of PaAPR shown here (red label).
Fig. 3. Structure-based multiple sequence alignment of sulfonucleotide reductases. Shown are the crystallographically visible sequences of PpAPR-B, ScPAPR (PDB accession
code 2OQ2) [34], EcPAPR (PDB accession code 1SUR) [36] and PaAPR (PDB accession code 2GOY) [35]. The initial alignment was generated using the PDBeFold server (http://
www.ebi.ac.uk/msd-srv/ssm/) from a multiple superposition of the PpAPR-B structure with the structures of the other three proteins. This was subsequently adjusted
manually with reference to the superposed structures, and then displayed using ESPript (http://espript.ibcp.fr/ESPript/ESPript/). Strictly conserved residues are highlighted
with red shaded boxes, and semi-conserved residues are coloured red. Secondary structure elements for PpAPR-B are shown, where a = a helix, b = b strand, g = 310 helix,
TT = b turn. Grey shading indicates C-terminal regions of sequence that were not modelled in the crystal structures. Based on the comparisons with the ligand-bound
structures of ScPAPR and PaAPR, residues that are predicted to be involved in sulfonucleotide binding by PpAPR-B are indicated by green ﬁlled circles for interactions
involving side-chain atoms, green open circles for interactions involving main-chain atoms, and green arcs for van der Waals interactions. The P-loop is likely to govern
sulfonucleotide speciﬁcity, with the residues highlighted by yellow stars predicted to deﬁne the preference for APS in PpAPR-B, in particular, Asp122 (see Fig. 1D). The four
Cys residues that bind the [Fe4S4] cluster in PaAPR are indicated by the orange triangles.
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Table 2
Selected structural homologues of PpAPR-B.
Protein Source Ligand Fe4S4 PDB Resolution DALI output Reference
cluster code (Å) Rank Z-score Identity (%) R.m.s. deviation (Å) Aligned residues
PAPS reductase Saccharomyces cerevisiae PAP No 2OQ2 2.1 1 25.0 32 1.9 201 [34]
APS reductase Pseudomonas aeruginosa APS Yes 2GOY 2.7 2 21.6 32 2.6 194 [35]
PAPS reductase Escherichia coli No No 1SUR 2.0 3 19.9 33 2.3 181 [36]
PAPS reductase + thioredoxin Escherichia coli No No 2O8 V 3.0 4 19.8 30 2.3 189 [38]
Top hits found by DALI against the PpAPR-B monomer.
Fig. 4. Comparison of quaternary structures of PpAPR-B and its closest structural homologues. The biological units are shown in cartoon representation, with each subunit
coloured differently. In each column, the assemblies have been orientated by superposition of the slate blue subunits onto that of the PpAPR-B dimer, and the corresponding
r.m.s. deviations are shown. aThe crystal packing suggests two possible dimers with interface areas of 764 and 561 Å2, respectively. The dimer with the smaller interface area,
is postulated to be the biologically relevant assembly [36], although the one shown above corresponds to that seen in the complex with thioredoxin and, therefore, seems
more likely. bThe EcPAPR subunits are coloured slate blue and yellow, and the thioredoxin monomers are in pink and orange. cValue for EcPAPR homodimer interface only.
dThe PaAPR homotetramer has two types of interface, with two occurrences of each in the tetramer; values shown are averages.
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the enzyme family, perhaps indicating that there is no cooperativ-
ity between active centres within the biologically relevant
assembly.3.3. The sulfonucleotide binding site
We were unable to obtain crystal structures of PpAPR-B with
biologically-relevant ligands bound. Therefore, we inspected the
Fig. 5. Schematic representations of sulfonucleotide binding pockets. (A) Predicted
interactions between PpAPR-B and the APS ligand, based on superpositions with the
sulfonucleotide-complexes of ScPAPR (PDB accession code 2OQ2) [34] and PaAPR
(PDB accession code 2GOY) [35]. (B) Interactions between ScPAPR and the PAPS
ligand based on the ScPAPR–PAP complex; the 50-phosphate is modelled with
reference to the PaAPR–APS complex. The P-loop seems to be solely responsible for
determining sulfonucleotide speciﬁcity, with the labels of important residues
underlined. The black arcs indicate van der Waals interactions between amino acids
and the 30-OH or 30-phosphate of the sulfonucleotide, as appropriate.
Table 3
Kinetic constants of wild-type PpAPR-B and a D122G mutant.
Substrate Km
(lM)
Vmax
(U/mg)
Kcat
(s1)
Kcat/Km
(M1 s1)
WT APS 6.9 0.625 0.333 48300
D122G APS 5.8 0.028 0.015 2600
WT PAPS 49 0.00034 0.00018 3.74
D122G PAPS 40 0.00025 0.00013 3.37
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insight into the likely substrate binding site. Superposition of
PpAPR-B with the ScPAPR and PaAPR structures placed both PAP
and APS, respectively, at the C-terminal end of the central b-sheet
of PpAPR-B, enabling predictions to be made regarding the residues
responsible for ligand binding. It has previously been proposed
that sulfonucleotide binding speciﬁcity is governed by residues
within the P-loop (residues 114–122 in PpAPR-B) [22], whichforms a platform for the ribose moiety, as well as for the 30-phos-
phate in the case of PAPS (Fig. 5 and Supplementary Fig. S2). It ap-
pears from the above superposition that Asp122 in PpAPR-B is the
key speciﬁcity-determining residue, since it overlaps with the 30-
phosphate of PAPS, whereas the equivalent residue is either a Gly
or Ala in the PAPS reductases (Fig. 3). However, a D122G mutant
of PpAPR-B did not display improved activity with PAPS and, in
fact, showed signiﬁcantly reduced activity with APS as the sub-
strate (Table 3, Fig. S3): the catalytic efﬁciency of APS reduction,
based on Kcat/Km, decreased ca. 20-fold. The latter suggests that
Asp122 has an important role in catalysis, possibly by contributing
to an optimal positioning of APS via its predicted hydrogen bond to
the 30-OH of the ribose moiety (Fig. 5). Interestingly, the substrate
afﬁnities of PpAPR-B were not affected by the mutation: the Km
values for both APS and PAPS remained essentially unchanged (Ta-
ble 3). Similar results had previously been obtained with an Asp to
Ala substitution in the equivalent position of PaAPR [22], which re-
sulted in a signiﬁcant decrease in Kcat/Km, but did not affect disso-
ciation of AMP. In fact, all the kinetic parameters with PAPS as the
substrate were comparable for both the wild type and variant
PpAPR-B proteins (Table 3). The conclusion that a single substitu-
tion is not sufﬁcient to effect a substrate speciﬁcity switch is not
unexpected since our structure indicates that Phe114, Cys116
and Ile119 of the PpAPR-B P-loop are likely to play lesser, but per-
haps collectively important, roles in sulfonucleotide selection. In
particular, the bulky, hydrophobic side chains of Phe114 and
Ile119, restrict the volume of a potential 30-phosphate binding
pocket and would not be compatible with the binding of a charged
species (Fig. 5 and Supplementary Fig. S2).
Although the [Fe4S4] cluster is over 6 Å distant from the sulfate
of the bound APS in the PaAPR structure, there is evidence to sup-
port the theory that it may contribute to substrate selection: in
particular, the engineering of a [Fe4S4] cluster into EcPAPR greatly
increased the utilization of APS by this enzyme [22]. The authors
suggested that the cluster may help to optimally conﬁgure the pos-
itively charged residues in the active site for sulfonucleotide bind-
ing and catalysis, and that the charge from and polarization within
the cluster could promote S–OP bond cleavage and S–S bond for-
mation; a similar effect could be achieved as the result of repulsion
between the 30-phosphate and the 50-phosphosulfate in PAPRs,
which lack a cluster [22]. Alternatively, the additional binding en-
ergy provided by the 30-phosphate could facilitate catalysis
[1,15,24]. Since PpAPR-B lacks both the cluster and the proposed
beneﬁcial effect of a 30-phosphate in its preferred substrate, this
could account for its lower catalytic efﬁciency relative to other sul-
fonucleotide reductases. Nevertheless, PpAPR-B is signiﬁcantly
more stable than the [Fe4S4] cluster-containing enzymes and
therefore could represent a successful adaptation to harsh and/or
iron-limiting conditions. Overall our PpAPR-B protein structure re-
veals a binding site tailored for APS binding. This would present the
sulfate in a suitable orientation for nucleophilic attack by Cys318
in the ﬂexible S-loop. This step would likely be facilitated by the
prior deprotonation of the Cys318 thiol by the strictly conserved
His321. A subsequent conformational change in the S-loop would
then present the resultant thiosulfonate species at the protein sur-
face for the release of sulﬁte in a thioredoxin-dependent manner
[24].4. Conclusions
The structure of PpAPR-B presented here is the ﬁrst for a
eukaryotic APS reductase. It displays high similarity to the cur-
rently known structures of microbial sulfonucleotide reductases
at the subunit level, but presents an entirely new quaternary struc-
ture. The latter is largely the result of the antiparallel packing of
3632 C.E.M. Stevenson et al. / FEBS Letters 587 (2013) 3626–3632long N-terminal a-helices from opposing protomers, and gives rise
to an extended homodimer. The variation in quaternary structure
seen across the structurally resolved enzymes in this family is
consistent with a structural trait that is free from selective evolu-
tionary pressure and, therefore, not functionally important. Super-
positions with the PaAPR and ScPAPR structures reveal the
molecular basis for the APS preference of PpAPR-B, although a sin-
gle point mutation of a key residue in the P-loop was not sufﬁcient
to switch the speciﬁcity to PAPS. Whilst our structure does not pro-
vide further insight into the detailed mechanistic implications of
the presence or absence of a [Fe4S4] cluster, the close structural
correspondence with PaAPR in the vicinity of the cluster rules
out a structural role for this cofactor. Moreover, the comparatively
low activity of PpAPR-B would support the contention that a
[Fe4S4] cluster boosts the activity of more orthodox APS reductases.
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